Background: The relative impact of immune deficiency and lifestyle-related factors on risk of cancer in the HIV-infected population is controversial. We aimed to estimate the population-attributable fractions (PAFs) associated with smoking, being HIV-infected and with immune deficiency.
Introduction
As the HIV-infected population ages, non-AIDS-defining cancers have become a major cause of death, and in recent years the incidence of non-AIDS-defining cancers has surpassed that of AIDS-defining cancers [1] [2] [3] . The mechanisms behind the increased risk of non-AIDSdefining cancers in HIV patients compared to the background population have not been fully elucidated.
Smoking and other lifestyle-associated risk factors are more prevalent among HIV-infected than in uninfected individuals [4] [5] [6] . A number of studies have demonstrated higher levels of markers of inflammation and immune activation in HIV-infected individuals and shown associations with all-cause mortality [7] . It has been hypothesized that HIV infection causes accelerated aging, but the relative contributions of immunodeficiency versus lifestyle-related factors, such as smoking, substance abuse and sexual behaviour to morbidity and mortality, among HIV-infected individuals are controversial [8, 9] . We have previously shown that smoking is associated with a larger loss of live years than HIV itself among HIV patients in Denmark [5] .
The objective of the present study was to estimate the population-attributable fractions (PAFs) of cancer that are associated with smoking, immune deficiency and with being HIV-infected. We therefore compared the incidence rates of cancer in the HIV-infected population with those of a matched cohort from the background population. Analyses were stratified on smoking status and nadir CD4 þ /duration of CD4 þ below 200 cells/ml, and cancers were categorized as smoking-related, related to viral infections or 'other'.
Methods

Setting
The healthcare system in Denmark is funded through taxes. All pathology specimens and cases of cancer are registered with dates and diagnoses in nationwide registries.
HIV care takes place at eight highly specialized centres in the country. In 2010, an estimated 70% of individuals diagnosed with HIV had HIV-RNA below 500 copies/ ml [10] .
Data sources
The Danish civil registration system A national register was established in 1967 which contains data on migration and viral status of all Danish citizens [11] .
The Danish cancer registry It was established in 1943 and since March 1987 reporting of data on all malignant diseases has been mandatory [12] . Approximately 90% of cases in the registry are verified by histological examination. There is an extensive data validation programme which ensures the quality and completeness of the registry.
The Danish HIV cohort study It is a population-based nationwide cohort study, described in details elsewhere [13] , of all HIV-infected individuals who receive care at Danish HIV centres after 1 January 1995. Individuals are consecutively enrolled. We included all HIV-1-infected individuals who were 16 years or above at HIV diagnosis, alive and received care in Danish HIV centres 1 year after HIV diagnosis in the period between 1 January 1995 and 31 December 2011, and had available data on smoking status.
The Copenhagen general population study This is a prospective study of a cohort of individuals randomly selected from greater Copenhagen [14] [15] [16] . The study participants were interviewed about lifestyle and health-related factors. From this study, we identified a population control cohort which was frequency-matched on sex and age (5-year intervals) . We aimed to include four population controls for each HIV-infected individual, but because of few participants aged below 35 years in the Copenhagen General Population Study, only two population controls were included for each HIV-infected individual aged below 35 years. All analyses were adjusted for age.
The date of study inclusion was the date 1 year after HIV diagnosis or the date of first available data on smoking status, whichever came last. Individuals diagnosed with cancer prior to this date were excluded. Study participants were followed until the date of study outcome, emigration, death or 31 December 2011, whichever occurred first.
Exposures and outcomes
We analysed the following exposures: smoking (current or previous versus never), HIV (HIV-positive versus negative status) and two measures of immune deficiency: nadir CD4 þ cell count below 200 cells/ml, as well as CD4 þ below 200 cells/ml for at least 2 years before start of follow-up.
The study outcome was cancer (excluding non-melanoma skin cancer) as registered in the National Danish Cancer Registry. Cancer diagnoses were categorized as smoking-related, virological or other.
Definitions
Individuals smoking any type of tobacco were categorized as smokers. Individuals were categorized as ever-smokers or never-smokers on the basis of information on smoking status at the time of enrolment, and did not change category during the observation period.
Nadir CD4 þ cell count was the lowest count measured from date of HIV diagnosis until 90 days after study inclusion. Cumulative duration of immune suppression was assessed from date of first CD4 þ cell count until study inclusion [median 4.5 years, inter-quartile range (IQR) 1.2-8.0] and was calculated as the sum of time intervals from the date of CD4 þ cell count below 200 until date of a CD4 þ cell count at least 200 cells/ml. If the first measured CD4 þ cell count was less than 200 cells/ml, it was assumed that the CD4 þ cell count had declined at a rate of 50 cells/ml/year [17] .
Cancers were coded according to the International Classifications of Diseases, 10th version (ICD-10). Cancers, in which data from WHO indicate that the proportion attributed to smoking is above 40%, were classified as smoking-related [18] . Cancers categorized as smoking-related were: lung cancer (C34), head and neck cancer (C0-C14 and C30-C32), oesophagus cancer (C15) and bladder cancer (C67). Cancers classified as virological were: lymphomas (C81-C86), Kaposi sarcoma (C46), liver cell carcinoma (C22.0), anal cancer (C21), cervical cancer (C53), vulva cancer (C51) and penile cancer (C60). All other cancers were categorized as 'other'. We did not include non-melanoma skin cancers (C44).
Statistical methods
Incidence rates were calculated as the numbers of first diagnoses of cancers per 10 000 person-years. Excess incidence rates were calculated using the formula: Excess incidence rate ¼ incidence rate exposed À incidence incidence rate unexposed . Adjusted incidence rate ratios (IRRs) of cancer according to HIV, smoking and immune status were estimated using Poisson regression analyses. In analyses including only HIV patients, we adjusted for the following variables: sex, age (time updated in 2-year intervals), route of transmission (MSM, heterosexual, injection drug use or other), duration of ART (time updated in 1-year intervals) and year of study inclusion. In analyses including population controls, we included sex, age, smoking status and year of study inclusion in the model. In comparisons of HIV-infected individuals versus population controls, the interaction term for smoking and HIV was insignificant in all analyses, whereas the interaction term was excluded from final analyses.
Population-attributable fractions were calculated using the formula: PAF ¼ P e (RR e À 1)/[1 þ P e (RR e À 1)], where P e is the proportion of population with exposure and RR e is the relative risk of cancer among exposed compared to unexposed, adjusted for the variables mentioned above.
The study was approved by the Danish Data Protection Agency. Ethics approval and individual consent are not required by Danish legislation governing this type of study on the HIV-infected individuals; however, studies on population controls were approved by a Danish ethical committee (#H-KF-01-144/01) and all population controls provided written informed consent. SPSS statistical software, Version 15.0 (Norusis; SPSS Inc., Chicago, Illinois, USA) and Stata, Version 8.0 (Stata Corporation, College Station, Texas, USA) were used for data analysis.
Results
We included 3503 HIV patients and 12 979 matched population controls who were followed for a total of 18 679 and 55 957 person-years, respectively. At time of study inclusion, 2685 (77%) HIV patients were on ART, median 3.3 years (IQR 1.0-6.6) and in 92% of the observation time the HIV patients were on ART. The median CD4 þ cell count at study inclusion was 450 (IQR 310-630). The proportion of ever-smokers was larger among HIV patients compared to population controls (67 versus 53%) and the proportion of current smokers was larger among ever-smoking HIV patients compared to ever-smoking population controls (76 versus 39%). The proportions of men, people of Danish origin and injection drug users were higher among ever-smoking compared to never-smoking HIV patients (Table 1) . Among population controls, the median age was higher for ever-smokers compared to never-smokers.
Risk of cancer among HIV patients versus population controls
The incidence rates of cancers, by category and location among HIV patients and population controls, are summarized in Table 2 . The IRR of all non-skin cancers was 2.0 [95% confidence interval (CI) 1.6-2.5] among HIV patients compared to population controls, with virological cancers accounting for the highest excess as well as the highest relative risk (excess incidence rate 33.2 per 10 000 person-years, 95% CI 24.4-42.0; IRR 11.5, 95% CI 6.5-20.5). The absolute and relative risks of smoking-related cancers were also increased among HIV patients compared to population controls (excess incidence rate 12.3 per 10 000 person-years, 95% CI 5.6-19.0; IRR 2.8, 95% CI 1.6-4.9), whereas the risk of other cancers did not differ (excess incidence rate À7.0 per 10 000 person-years, 95% CI À16.1-2.1; IRR 1.0, 95% CI 0.7-1.3).
Among non-smokers, the increase in risk of cancer associated with HIV infection was confined to virological cancers ( Table 3) .
Risk of cancer associated with smoking
Smoking was not associated with risk of virological or 'other' cancers among HIV patients (Table 3) . For smoking-related cancers, the absolute and relative risks associated with smoking were higher among HIV patients than population controls. There was no significant interaction between smoking and HIV. Only one of 15 head and neck cancers and none of 17 lung cancers occurred among never-smoking HIV patients, whereas three of 17 lung cancers and four of 17 head and neck cancers occurred among never-smoking population controls. The risk of non-virological cancers did not differ among never-smoking HIV patients compared to never-smoking population controls.
Smoking and cancer in the HIV-infected population Helleberg et al. 1501 Risk of cancer associated with current and previous smoking The IRRs of cancer associated with current versus neversmoking were 1.74 (95% CI 1.18-2.57) among HIV patients and 1.92 (95% CI 1.38-2.65) among controls. The IRRs of previous versus never-smoking were 1.09 (95% CI 0.66-1.81) among HIV patients and 1.44 (95% CI 1.06-1.97) among controls. The IRRs of smoking-related cancer associated with current smoking were 21.35 (95% CI 2.88-158.5) among HIV patients and 4.12 (95% CI 1.74-9.78) among controls. The IRR of previous smoking were 8.28 (95% CI 0.99-69.1) among HIV patients and 1.20 (95% CI 0.46-3.14) among controls. Neither current nor previous smoking was associated with increased risk of virological or other cancers among HIV patients. Tests for interaction between HIV and smoking were insignificant in all analyses.
Risk of cancer associated with immune deficiency Nadir CD4 þ below 200 cells/ml was associated with increased risk of smoking-related cancer ( Table 4 ). The risk associated with nadir CD4 þ below 200 cells/ml was increased for lung cancer (IRR 3.54, 95% CI 1.00-12.59), but not for head and neck cancer (IRR 1.49, 95% CI 0.45-5.00). There was no association between duration of CD4 þ below 200 cells/ml and risk of lung cancer (IRR 1.07 per year, 95% CI 0.87-1.32). No individual with nadir CD4 þ at least 200 cells/ml developed smoking-related cancer. For other cancer types, the risk associated with smoking did not differ between individuals with versus without low CD4 þ cell counts.
Population-attributable fractions associated with smoking, immune deficiency and with being HIV-infected
The relative contributions of the three categories of cancers in the HIV-infected population versus the control cohort, and the proportions associated with smoking are illustrated in Fig. 1 . Smoking-related and virological cancers accounted for 23 and 43% of cancers in the HIVinfected population, respectively, whereas virological cancers were rare among population controls. The fractions of all cancers in the HIV-infected population attributable to smoking and to being HIV-infected were 27 and 49%, respectively (Table 3 ). For cancer types that are considered strongly related to smoking, the 1502 AIDS 2014, Vol 28 No 10 proportion attributable to smoking was 91% and the fraction of virological cancers attributable to being HIV-infected was 91%. Other cancers were not associated with immune deficiency or with being HIV-infected, and the fraction associated with smoking was marginal (Tables 3 and 4 ).
Discussion
In this nationwide, population-based cohort study, we found that HIV patients, with long-term engagement in care, had increased risk of cancers that are considered strongly related to smoking or viral infections. In contrast, they did not have increased risk of other cancers compared to the background population. We found no association between immune deficiency and non-virological cancers that are not strongly related to smoking.
Cancers related to smoking and viral infections accounted for 23 and 43% of all cancers, respectively, and for these cancers, the PAFs associated with smoking and with being HIV-infected, respectively, were approximately 90%. Immune deficiency had no impact on risk of nonvirological cancers in absence of smoking in this population, where 75% of the HIV patients were on antiretroviral therapy (ART) at time of study inclusion and 92% of observation time was during ART. If observation time prior to ART was excluded, the estimates altered only marginally and conclusions did not change (data not shown).
Strengths of our study include the nationwide, population-based design with a matched control group from the background population with information on smoking status. We obtained data on study outcomes for both patients and population controls from the National Cancer Registry which is regularly validated and where approximately 90% of cases are verified by histology; thus the risk of bias due to misclassifications is limited. In Denmark, it is mandatory to report all malignancies to this registry. We therefore believe that ascertainment of study outcomes was high.
Smoking and cancer in the HIV-infected population Helleberg et al. 1503 The study is limited by the rather low number of study outcomes, which prevented us from assessing specific cancer types or differences by sex or age groups. We categorized poorly differentiated tumours as 'other'; some of these could be lymphoma and we may thereby have misclassified some virological cancers as 'other'. All population controls were of Danish origin and resident in greater Copenhagen, which could potentially introduce a bias. However, analyses restricted to HIV patients of Danish origin or those followed in HIV centres in Copenhagen yielded similar results (data not shown). Individuals who have volunteered to participate in the Copenhagen General Population study, which involves outpatient visits and interviews on lifestyle, may represent a healthier subset of the background population.
We did not have data on duration of smoking, and data on the number of cigarettes smoked per day were only available for a sub-group of HIV patients. We were therefore not able to determine if the increased risk associated with smoking among HIV patients compared to population controls was caused by a higher proportion of heavy smokers in the smoking HIV-infected population or an interaction between adverse effects of tobacco and HIV. Previous studies have found very high rates of heavy smokers among HIV patients [19] . In our cohort, 20% of those with available data on amount of smoking smoked more than 20 cigarettes per day. The distribution of current and previous smokers differed between HIV patients and population controls categorized as 'eversmokers', with a higher proportion of current smokers among HIV patients. We believe this is likely the most probable explanation for higher risk associated with smoking among HIV patients compared to population controls. We analysed the risk associated with eversmoking rather than current smoking because most cancers develop over several years. We did not have data on time of smoking cessation. However, continuous smoking and number of pack-years may not explain the complete difference in risk of smoking-related cancer among HIV patients compared to population controls. We found that the risk of lung cancer was higher among HIV patients with low versus high nadir CD4 þ cell count, although there was no association with duration of immune deficiency. Individuals with low nadir CD4 þ cell count were older, but analyses were adjusted for age, and it is possible that immune deficiency may exacerbate the effect of smoking on risk of lung cancer in the HIVinfected population.
We categorized head and neck cancers as smokingrelated. Some head and neck cancers are related to human papilloma virus (HPV) [20] , and there are data indicating that the risk associated with HPV is exacerbated by smoking [21] . For cervical and anal cancers, which are strongly associated with HPV, there is an association between low CD4 þ cell count (for anal cancer: cumulative time with low CD4 þ cell count) and 1504 AIDS 2014, Vol 28 No 10 The cancer categories are defined in the methods section and in Table 2 . CI, confidence interval; IR, incidence ratio; IRR, incidence rate ratio; PAF, population-attributable fraction. a IRR estimated using Poisson regression analyses adjusted for sex, age and year of study inclusion.
b,c Calculated using the formula: PAF ¼
where P e is the proportion of time with exposure and RR e is the adjusted relative risk of cancer among exposed compared to unexposed. b Exposed: HIV-infected individuals, unexposed: population controls. The RR e is calculated as the weighted average of ever-smoking HIV-infected individuals versus ever-smoking controls, and neversmoking HIV-infected individuals versus never-smoking controls. increased risk of cancer [22] . We did not have data on the proportions of head and neck cancers that were associated with HPV. When we categorized tonsil cancers, which have the strongest association with HPV, as virological the results did not change markedly (data not shown). We found no association between immune deficiency and risk of head and neck cancer.
Our results are similar to findings from previous studies showing that HIV patients have a 2-3-fold increased risk of cancer compared to the background population [23] [24] [25] . The impact of impaired immune surveillance and accelerated aging on risk of non-AIDS cancers has been vividly debated [8, 26, 27] . In the present study we found that the increased risk of non-AIDS cancer was largely confined to cancers associated with smoking and viral infections, for example, anal cancer, liver cell carcinoma and Hodgkin's lymphoma, of which the two former are associated with sexual behaviour and injection drug use [28, 29] . In contrast, the risk of cancers that are not considered strongly related to smoking or viral infections did not differ between the HIV-infected and the background population, and the impact of immune deficiency was limited. Other studies have reached the opposite conclusion regarding risk of non-AIDS cancers among HIV patients compared to the background population [30] . The majority of HIV-infected individuals in the present study were on ART, had a high CD4 þ cell count at baseline, and did not represent a socially deprived part of the population, which may explain the discrepancy between conclusions of these studies.
In untreated HIV-infected populations and among individuals recently enrolled in care immune deficiency is likely to have a much larger impact on the overall incidence of cancer [22] . Previous studies have shown that rates of AIDS-defining cancers have decreased markedly, whereas rates of non-AIDS cancers have remained constant or increased parallel with the increasing age of the HIV-infected population from the pre-combination ART to the early and late-combination ART periods [31, 32] . Patients who were diagnosed with cancer within the first year of HIV diagnosis were not included in the present study. It is well known that a low CD4 þ cell count at the time of HIV diagnosis is associated with significantly increased risk of AIDS-defining malignancy within the first year [33] and our estimate of the proportion of virological cancers is therefore likely to be considerably lower than among individuals recently diagnosed with HIV.
We found that for cancers overall, the PAF associated with being HIV-infected was approximately 50%. The PAF was estimated by comparing the HIV-infected cohort to a cohort from the Copenhagen General Population Study, which was matched for sex and age. However, individuals in these cohorts differed in many ways in addition to HIV status. Thus, both biological and behavioural factors may contribute to the observed associations between being HIV-infected and risk of cancer. In addition to immune deficiency and immune activation, other factors such as co-infections, substance abuse, heavy smoking, sexual behaviour and so on are likely to contribute to the increased risk of cancers related to smoking and viral infections.
Smoking may be associated with socio-economic status, alcohol intake and poor diet [34] , which could confound the observed associations with smoking.
Under the assumption that most cancers develop over several months or years, we used nadir CD4 þ cell count and duration of CD4 þ below 200 cells/ml at study inclusion as a measures of immune deficiency rather than latest CD4 þ cell count. We have previously shown that the risk of cancer is substantially increased the first 6 months following a drop in CD4 þ cell count among virally suppressed HIV patients, indicating that CD4 þ decline can be a marker of undiagnosed cancer [35] . This could confound analyses of associations between immune deficiency and cancer if latest CD4 þ cell count is used as a marker of immune deficiency.
The date of study inclusion was at least 1 year after HIV diagnosis and the majority of HIV patients in the study was on ART at study inclusion and had high CD4 þ cell counts; thus results can only be generalized to HIVinfected populations engaged in care. Associations between smoking, HIV infection and cancer may be different in HIV-infected populations with a different Other: all other cancers, excluding non-melanoma skin cancer. The incidence of cancer associated with smoking is calculated as total incidence Â PAF associated with smoking. PAF, population-attributable fraction.
distribution regarding age, sex, access to care, lifestyle and socio-economic status.
We conclude that in a HIV-infected population with longterm engagement in care, the risk of cancer is increased approximately two-fold compared to the background population. The risk is increased for smoking-related and virological cancers, whereas the risk of other cancers does not differ between HIV-infected and uninfected individuals, and does not seem to be associated with immune deficiency. Among non-smokers, the increase in risk of cancer associated with HIV infection is confined to cancers related to viral infections.
